We present experimental studies of the relaxation of concentration fluctuations in a semidilute solution of polystyrene ͑PS͒ ͑30% by weight͒ in 4-cyano-4Ј-n-octyl-biphenyl ͑8CB͒ ͑70% by weight͒ using the photon correlation spectroscopy ͑PCS͒. In the homogeneous phase there are two modes of relaxation. The slow one ͑typical time scale is s ϭ0.001 s) is due to the diffusion of polymer chains ͑of molecular mass 65 000͒ in the LC matrix ͑of molecular mass 290͒, while the fast one has the time scale of the order of f Ϸ0.00001 s. The amplitude of the fast mode is much weaker than the one for the slow mode. Moreover it does not depend on the scattering wave vector, q. The value of the diffusion coefficient, D c ϭ1/( s q 2 ) for the slow mode decreases with temperature according to the Arhenius law until we reach the coexistence curve. Its value close to the coexistence is D c ϭ4ϫ10 5 nm 2 /s and the activation energy in the homogeneous mixture is E c ϭ127 kJ/mol. If we gradually undercool the mixture below the coexistence into the metastable two-phase region without inducing the phase separation we find unexpectedly that D c does not change with temperature even 4°below the coexistence curve. The characteristic time of the fast mode does not depend on the scattering wave vector indicating that it is related to the transient gel structure. We have shown that it is possible to measure the short time relaxation of concentration fluctuations during the phase separation in the mixture. At low temperature close to the isotropicnematic phase transition we have observed that the relaxation is well separated in time from the typical time of the domain growth. This relaxation mode is characterized by the large diffusion coefficient Dϭ2ϫ10 8 nm 2 /s. The mode probably comes from the coupling between the orientational dynamics of liquid crystals and the transient gel structure of polymers.
I. INTRODUCTION
The formation of complex self-assembled materials is based on the phase separation/ordering processes. [1] [2] [3] [4] Whether we consider the phase-separated composite films for liquid crystal ͑LC͒ displays, 1,2 self-organized supramolocular architecture for complex electronic materials, 3 the ordering of quantum dots 4 or the amplification of the ligand-protein binding 5 we invariably use the liquid crystal as a matrix and a polymeric material as an additive. In this paper we study the relaxation phenomena in such polymer/ liquid crystal system near the isotropic-isotropic coexistence curve, in the metastable states and also during the phase separation process close to the isotropic-nematic phase transition of the liquid crystal matrix. As far as we know such relaxations have been studied only for polymer mixtures 6 or polymers in isotropic solvents. [7] [8] [9] We are also not aware of the detailed studies of the relaxations during the phase separation of the mixture's components. We are also not aware of any theory of relaxation processes of polymers in anisotropic solvents.
From the point of view of the dynamics our mixture belong to the class of dynamically asymmetric systems. The dynamic symmetry of a mixture means that the diffusion coefficients for every component have similar values. In a dense homogeneous binary mixture, consisting of dynamically symmetric components, the concentration fluctuations relax by diffusion. This relaxation mode is characterized by the exponential decay of the correlations with the characteristic time, inversely proportional to the collective diffusion coefficient in the mixture. A different situation is found in dynamically asymmetric mixtures, where one of the components of the mixture has a markedly larger diffusion coefficient than the other. This is the case of a mixture of high molecular weight polymers in a low molecular weight solvent, [7] [8] [9] where macromolecules form a transient gel. Two relaxation modes in the system are related to the diffusion of polymers and the relaxation of the transient gel, which responds elastically to the changes of composition due to the fast diffusion of the solvent molecules. There are two clear situations when either the lifetime of a transient gel is very short or when it is very long. In the first case we can easily extract the collective diffusion coefficient of polymer. Interestingly, in our experiments, we could also extract the lifetime of the transient gel, although the signal was very weak.
The process of the phase separation ͑demixing͒ is usually studied by considering a homogeneous solution ͑AB͒ which is quenched below the consolute temperature into the thermodynamically metastable or unstable region ͑spinodal region͒ of the phase diagram. In the metastable region the process of separation proceed by the nucleation of domains of one phase and their further growth in time. A typical size of the critical nucleus ͑far from the spinodal or binodal͒ is about few correlation length and for polymer systems would not be much larger than 3 times the radius of gyration. The size of the critical nucleus tends to infinity at the binodal ͑coexistence curve͒. Because there is a barrier for the nucleation process, one can in principle undercool the mixture below the consolute temperature without inducing the phase separation. In the spinodal region, the spinodal decomposition ͑SD͒ takes place, which manifests itself in the spontaneous growth of the concentration fluctuations that leads the system from the homogeneous to the two-phase state. The system cannot be undercooled into the spinodal region of the phase diagram without inducing an immediate phase separation. Shortly after the phase separation starts the domains of A and B component are formed and the interface between the two phases can be specified. The mixtures, of low viscosity, undergoing spinodal decomposition do not remain for a long time in their unstable early configuration, contrary to the high molecular weights polymer blends. The slowness of the process of the phase separation in polymer mixtures or polymer solutions allows their detailed study.
One of the problems which has not been address so far is the problem of relaxation processes during the phase transition. Here we will use the photon correlation spectroscopy to analyze the relaxation processes during the phase separation. In principle if the relaxation process occurs on a time scale much shorter than the time needed to change appreciably the domains during the phase separation we should be able to determine the former. Another problem which we want to address is the relaxation process in the metastable region just before the onset of the nucleation and further growth. In this case we have to undercool the mixture below the consolute temperature without inducing the phase separation. We will show in particular that if the typical time needed to nucleate a new phase is much longer than the typical relaxation time we can determine the latter in the metastable region.
II. EXPERIMENTAL PROCEDURE
We have used a mixture of polystyrene ͑PS͒, from Fluka Chemical Co., M w ϭ65 000 and M w /M n ϭ1.02 and a liquid crystal 4-cyano-4Ј-n-octyl-biphenyl ͑8CB͒. Most of the measurements were done for the 70/30% by weight for 8CB/PS. The phase diagram has been determined by the optical microscopy and light scattering. 10 The system was studied in the homogeneous phase for temperature between 67 and 58°C. The phase separation in this mixture occurs at 57.5°C. The relaxation process during the phase separation has been studied at temperature Tϭ41°C close to the isotropicnematic phase transition of the liquid crystal ͑40.8°C͒. The quasielastic light scattering experiments are carried out using a Coherent Innova 305 ionized argon laser light source, operated at ϭ514 nm ͑delivering up to 1.5 W͒ and linearly polarized vertically. The scattered light is collected with a photon-counting PMT set on a goniometer. The angle between the incident beam and the axis of the goniometer can, in principle, be changed between 10°and 150°. The sample held in its capillary ͑microslide 0.2ϫ2.0 mm i.d.͒ is mounted on a special capillary-holder, with the width of the capillary parallel to the incident laser beam direction and set at the center of a temperature-regulated cylindrical tank containing an index-matching liquid ͑decahydronaphthalene͒ the refractive index of which was n 0 ϭ1.48. The tank temperature is monitored at 0.05°C by means of a water bath. Finally to allow the measurement of the time autocorrelation function of the scattered signal, the measured photocurrent is processed using a PC-controlled 256-channel 4700-Malvern correlator, which was able to work either in a linear mode or in a logarithmic mode with sample times as fast as 0.05 s. We are able to measure relaxation times in the range 10 Ϫ5 -1 s. The index of refraction of PS is n PS ϭ1.589 and in the isotropic phase n 8CB ϭ1.566. We have ⌬nϭn PS Ϫn 8CB ϭ0.023 and a very simple estimate 11 gives us the mean free path of light l i ϳ10 3 m. We have made the measurements for two sizes of the sample hϭ100 m and hϭ200 m. Since l i ӷh then we do not have the multiple scattering of light in our samples.
III. THE PHYSICAL CHARACTERIZATION OF THE STUDIED SYSTEM
We study the semidilute solution of the polymer in liquid crystal matrix. Let us estimate the typical parameters of the solution. The PS chain of molecular mass 65 000 has the polimerization index of 622. From the 30%/70% concentration by weight ͑PS/8CB͒ we find that for a single PS chain we have 966 8CB molecules. The radius of gyration, R g , for the polymer chain is around 12 75 Å. The full length of the 8CB molecule ͑molecular mass is 290͒ is around 30 Å. The correlation length which we have measured using the static light scattering is around 180 Å in the homogeneous system. Please note that we are far from the critical point ͓located at 15/85% concentration by weight ͑PS/8CB͒ and temperature T c ϭ62°C] and therefore we do not expect very strong ͑criti-cal͒ fluctuations of the composition in the system. In the volume occupied by a polymer chain (4/3R g 3 ) we find on the average 3 other chains. It means that we are in a semidilute solution. The viscosity of the pure 8CB is 13 Ϸ0.2 mPa s. The viscosity decreases with temperature and in the temperature range studied ͑67-54°C͒ in the homogeneous mixture changes roughly by 60% as shown. 13 The pure polystyrene in the temperature range studied forms a glass. The diffusion coefficient of 8CB molecules 14 15 of 8CB is about 10 Ϫ9 s at high temperature and around 10 Ϫ7 s close to T NI . In fact this characteristic time is expected to diverge at T NI .
IV. THE PHOTON CORRELATION SPECTROSCOPY AT AND OUT OF EQUILIBRIUM

A. Photon correlation spectroscopy in the homogeneous system
In the homogeneous phase of polymer/liquid crystal the average concentration ͗(r,t)͘ϭ 0 is a constant. The concentration fluctuations ␦͑r,t͒ϭ͑r,t͒Ϫ 0 ͑1͒ change the index of refraction at point r. These changes lead to the scattering of light. In the photon correlation spectroscopy we measure the intensity-intensity correlation function of the scattered light,
as a function of time, t, and the scattering wave vector, q 0, where ␦(q,t) is the Fourier transform of ␦(r,t).
Assuming that the average in Eq. ͑2͒ is over the Gaussian distribution we can rewrite F(q,t) in the following form ͑Siegert relation͒:
where C(q,t) is the autocorrelation function given by
C͑q,t ͒ϭ͗␦͑ q,0͒␦͑Ϫq,t ͒͘. ͑4͒
In the homogeneous phase ͗I(q,t)͘ is independent of time.
B. Photon correlation spectroscopy during the phase separation
During the phase separation 16, 17 the system becomes inhomogeneous and the average concentration, 0 (r,t), changes with time because the two components separate forming the domains. The domain size, L(t)ϳt ␣ , grows algebraically with time, t, with the exponent ␣ different for different mechanisms of growth. 18 The growth of the domains is correlated over long times. The exact analytical form of the correlations of the domain growth is not known in general, 18 which hampers the interpretation of experimental results. 16, 17 When the characteristic time scale, , of the relaxation of local fluctuations of the concentration is well separated from the typical time scale of the domain growth, t, one can unambiguously determine the former in the analysis of data obtained in the photon correlation spectroscopy. Let us divide the concentration (r,t) into the average part 0 (r,t), which describe the average distribution of the concentration in the system during the phase separation at time t and the fluctuation part ␦(r,t). Because of the separation of time scales we have 0 ͑ r,t ͒Ϸ 0 ͑ r,tϩ ͒. ͑5͒
Furthermore we assume that the signal from 0 (r,t) is much stronger than the signal from ␦(r,t), i.e., 0 (r,t)
ӷ␦(r,t) We observe that ͗ 0 ͑ q,t ͒␦͑ Ϫq,t ͒͘ϭ0.
͑6͒
For a given instant of time t during the phase separation we study the short time dynamics in the system in time by measuring the following correlation function:
Keeping only the lowest order terms in ␦ we find
where
and C͑q,t, ͒ϭ͗␦͑ q,t ͒␦͑ Ϫq,tϩ ͒͘. ͑10͒
Because the distribution 0 (q,t) is correlated over long times we cannot use the Siegert relation with respect to it as we have used it for ␦(q,t) in Eq. ͑3͒. We expect that the fluctuations should not depend strongly on the distribution of the domains i.e., on time t and thus
C͑q,t, ͒ϭC͑ q, ͒. ͑11͒
Thus the data acquired in the photon correlation spectroscopy during the phase separation can be analyzed with the help of Eqs. ͑8͒-͑10͒ provided that the time scales are well separated and the signal from the domain growth ͓coming from 0 (q,t)] is stronger than the signal from the relaxation process ͓coming from ␦(q,t)].
V. RELAXATION PROCESSES IN THE POLYMERÕLC MIXTURE
The theory of the relaxation of polymers in anisotropic solvents does not exist. Below we present the theory for the relaxation of polymers in isotropic solvents. The fast diffusion of the solvent molecules occurs on a time scale which is much shorter than the polymer diffusion. The polymers form a transient gel, which responds elastically to the fast diffusion of solvent molecules. The relaxation of the concentration fluctuations has the following form:
with two decay times s and f . There are two characteristic regimes: ͑I͒ a liquid regime and ͑II͒ a gel regime. 9 The regimes are related to the relaxation time of entanglements of polymer chains in semidilute solution R . In our case of polymers with relatively small molecular weight we probe only the liquid regime. In the liquid regime the relaxation times are given by the following formulas:
where D c is the polymer diffusion coefficient in the solvent, and
which does not depend on the q wave vector. The theory [7] [8] [9] indicates that one can expect A f to be very small as compared to A s . In fact A s should vanish in the limit of very short R in the case of polymers in isotropic solvents. This may not be the case in the anisotropic solvent and/or when the solvent molecules are large ͑8CB has a length of 30 Å, while the radius of gyration for the polystyrene is 75 Å͒. Another aspect of anisotropic solvents not taken into account in the above formulas is related to the relaxation process of the solvent coming from the reorientational dynamics. Because the solvent molecules are anisotropic the index of refraction changes with the change of orientation. Normally the characteristic time for reorientational dynamics is 10 Ϫ9 s, but close to the isotropic-nematic phase transition the characteristic time becomes longer. If fact it should diverge on the approach to the transition because in the ordered phase the rotational symmetry is spontaneously broken.
A. Diffusion of polystyrene chains in a homogeneous mixture
In a homogeneous phase above 57°C we found two decay modes as shown in Fig. 1 . Assuming that we have a semidilute solution of the polymer system we have analyzed the data according to Eqs. ͑12͒-͑14͒. We have obtained two relaxation times a fast and a slow one. Because of the apparatus resolution we could not get a better signal for the fast mode. The slow mode was analyzed according to Eq. ͑13͒. From Eq. ͑3͒ we have obtained the collective diffusion coefficient of PS molecules in the 8CB solvent. The diffusion coefficient behaves according to the Arrhenius law D c ϳexp(ϪE c /k B T) as shown in Fig. 2 . The typical activation energy as determined from D c according to the Arrhenius plot is E c ϭ127 kJ/mol. If we gradually undercool the mixture below the coexistence into the metastable two-phase region without inducing the phase separation we find unexpectedly that D c does not change with temperature even 3°-4°below the coexistence curve ͑Fig. 2͒. Most probably below the coexistence curve the activation energy for diffusion is compensated by the decrease of the energy barrier for the formation of critical nucleus. Please note that we are far from the critical point ͓located at 15/85% concentration by weight ͑PS/8CB͒ and temperature T c ϭ62°C] and therefore we do not not expect the critical slowing down characteristic for the relaxation close to the critical point. Such relaxation would result in the power-law dependence of the diffusion coefficient on (TϪT c ). It is interesting to note that the short time decay mode ͑Fig. 1͒, although weak has a nonzero amplitude. Moreover as shown in Fig. 3 it does not depend strongly on the temperature. The theory predicts that in the isotropic solvent it should vanish. We think that its nonzero ͑but small͒ value is due to coupling of gel relaxation to the orientational degrees of freedom of solvent molecules. We find that R does not depend on the scattering wave vector, which indicate that this is a time scale over which a transient gel made by polymer chains relaxes after the fast flow of solvent molecules. In the temperature range studied ͑in the homogeneous phase͒ R is a constant within the experimental error.
B. Relaxation during the phase separation at low temperatures
The initially homogeneous system at 60°C has been quenched to 41°C into the two-phase region. The process of phase separation has been monitored by the static light scattering. The separation process is very slow and occurs on the scale of hours. We have determined ͗I 0 (q,t)͘, the intensity of the scattered light as a function of the scattering wave vector at time t measured from the beginning of the quench and the start of the separation process. The location of the maximum of the scattered intensity ͗I 0 (q,t)͘ given by q max (t) is directly related to the size of the domains L(t) ϳ1/q max (t). In Fig. 4 we show L(t) as a function of time. On the log-log plot we see the characteristic power-law behavior of L(t). We find L(t)ϳt 0.25 . It indicates that the growth process is governed by diffusion. 18 From the typical time scale we see that the process is very slow and indeed we should have the separation of time scales needed to distinguished the local relaxation processes from the slow growth. Ϫ3 s) coming from the diffusion of polymer chains in the LC matrix, and fast one (1.236ϫ10 Ϫ5 s) from the relaxation of the transient gel. The fit to the data is given by the solid line ͓see Eq. ͑12͔͒. ͑b͒ The inverse of the characteristic time of the slow relaxation process ͓shown in ͑a͔͒ as a function of the wave vector squared at Tϭ333 K. From the slope of the straight line we obtain the collective diffusion coefficient according to the formula ͓Eq. ͑13͔͒ 1/ ϭD c q 2 . Please note that the diffusion coefficient of the solvent molecules is so fast ͑orders of magnitude͒ that it is justified to identify D c with the collective diffusion coefficient for the polymer.
In Fig. 5 we show the typical signal from the photon correlation spectroscopy. One very fast mode is clearly visible. Moreover the baseline is slowly going down indicating the slow growth of the polymer domains in the liquid crystalline matrix. It means that we can anlyze the signal according to Eq. ͑8͒ since the time scales are separated and moreover the scattering from the inhomogeneous distribution of the polymer domains in the LC matrix is much stronger than the signal from the fast mode i.e., the value of the signal at the bottom of the curve ͑the baseline͒ is much larger than the amplitude of the fast mode. The characteristic time of the fast mode depends on the q vector (1/ϳq 2 ) ͓Fig. 5͑b͔͒, so we know that it is a diffusion mode. Its diffusion coefficient Dϭ1/(q 2 ) is shown in Fig. 6 as a function of time t during the phase separation. It is much too fast to be accounted for by the diffusion of polymers. The only relaxation process which can occur on such a fast time scale and on the length scale probe by the light scattering is the reorientational dynamics of liquid crystalline molecules. As we have mentioned earlier, such dynamics slows down close to the isotropic-nematic transition. In our case the transition occurs at 40.8°C and thus we can expect very strong orientational fluctuations of the solvent at a temperature of 41°C. Nonetheless the main point of our measurements was to show that the relaxation process can be measured during the phase transition and not the precise nature of this relaxation. 
VI. SUMMARY
We have determined the relaxation process in the dynamically asymmetric mixture of polystyrene and the liquid crystal 8CB. We find the slow relaxation mode due to the diffusion of the polymer chains in the liquid crystalline solvent. The typical time scale of the mode is of the order of 10 Ϫ3 s. The polymer diffusion coefficient decrease with temperature according to the Arrhenius law with the activation energy E s ϭ127 kJ/mol. This dependence breaks down when we undercool the mixture into the metastable region of the phase diagram i.e., below 330 K. Here the diffusion coefficient does not depend on the temperature even 3°-4°below the coexistence curve. At high temperature we also find the fast mode which relaxes on a time scale of 10 Ϫ5 s. The relaxation time is independent on the temperature in the range 340-330 K in the homogeneous phase and does not depend on the scattering wavevector. It is probably due to the relaxation of the transient gel structure.
We have also demonstrated that the short time relaxation processes can be studied by the photon correlation spectroscopy during the phase separation process. We have determined the orientational relaxation of the liquid crystalline solvent at low temperatures ͑314 K͒ near the isotropicnematic phase transition and shown that the signal does not depend on the phase separation process i.e., it does not depend on the moment at which during the phase separation we take the measurements. As far as we know these are the first measurements of this type. We hope that our measurements of the relaxation processes of polymers in the liquid crystalline matrix and relaxation processes during the phase transitions will be helpful in the future studies aimed at understanding these systems.
FIG . 6 . The diffusion coefficient, D, for the fast mode shown in Fig. 5 as a function of time during phase separation. D does not change in time so the relaxation is the same during the process. The diffusion coefficient is very large, larger than the translational diffusion of the 8CB molecules at the same temperature for pure 8CB. We conclude that the only relaxation process consistent with such large value of D must describe the reorientational dynamics of 8CB.
